Abstract-A compact low-loss polarization independent 8 8 PHASAR demultiplexer is presented. Device size is 0.93 0.75 mm 2 . On-chip losses are less than 4 dB and crosstalk is better than 20 dB. The device is suitable for integration with electro-optical switches for application in integrated optical crossconnects, add-drop multiplexers and multiwavelength lasers.
I. INTRODUCTION
P HASED-ARRAY demultiplexers [1] are important components in multiwavelength lasers (MWLs) [2] , [3] and integrated wavelength-selective switches such as add-drop multiplexers (ADMs) [4] and optical crossconnects (OXCs) [5] , [6] . The increasing amount of components integrated on a single chip results in severe demands on wafer uniformity and processing. These demands can be relaxed by using compact components.
Compact PHASAR-demultiplexers have been reported with high-contrast nonbirefringent waveguides [7] - [10] or high-contrast waveguides with a birefringence compensation [11] .
Due to the high contrast of the deeply etched waveguide structure used in compact PHASARs, the losses of these devices are high, typically more than 7 dB. This is caused by the starcouplers, where the deep etch causes a large discontinuity. Van Dam [12] demonstrated a double etch technique to reduce the losses at the junction between the starcoupler and the array guides. Vreeburg [13] reported a low-loss PHASAR in a shallowly etched waveguide structure. Extending the technique as proposed in [12] Herben [14] reported a PHASAR in which the shallowly etched low-loss star-coupler of [13] was combined with the deeply etched compact bends of [11] and [15] using a double etch process. The result was a PHASAR that was both compact and had low losses. This PHASAR had an orthogonal geometry with a large number of straight-curve transitions.
Here, we present a PHASAR made by applying the double-etch technique to the simpler geometry of the PHASARs of [11] and [13] . This geometry reduces the number of straight-curve transitions as compared to [14] , which will reduce insertion loss.
II. DESIGN
We have designed an eight-channel PHASAR using 400-GHz channel spacing (3.2 nm at 1550 nm) and a free-spectral-range of 35 nm. The minimal bending radius used for the array waveguides was 100 m, which is possible using deeply etched array guides. The PHASAR was designed for a ridge waveguide structure consisting of a 720-nm-thick InGaAsP waveguide layer (bandgap wavelength 1.25 m) with a 1.2-m-thick InP cladding layer.
The PHASAR uses 3-m-wide and 40-m-long shallowly etched guides to couple light out of the slab region, as shown in Fig. 1 for a single waveguide, in such a way that the waveguide-to-waveguide distance slowly increases and the mutual coupling gradually decreases.
These guides are followed by tapers of 50 m length that bring down the width from 3.5 m (the 0.5 m extra width compensates for the higher confinement of the deeply etched guides) to 1.7 m (see Fig. 1 ). At this width the propagation constant of the fundamental mode is polarization independent and higher order modes are strongly attenuated in bends. This avoids the need for additional polarization compensation. Nonbirefringence in deeply etched waveguides relies on the waveguide having the correct width. Simulations indicate that waveguides made in the layerstack used here are more tolerant to variations in width than waveguides made in the material, as used in [11] and [14] (see Fig. 2 ). The mask layout of the PHASAR is depicted in Fig. 3 .
III. FABRICATION
The PHASAR was fabricated in a CBE-grown layerstack as shown in Fig. 3 . A 100 nm thick PECVD-SiN layer served as an etching mask for the waveguides. The pattern was defined using contact illumination with positive photoresist and transferred to the SiN-layer by CHF reactive ion etching. The waveguides were etched employing an optimized CH -H etching and O descumming process [16] . After the etch depth for the shallow region was reached, part of the wafer was covered with positive photoresist using contact illumination. The photoresist served as a mask for the deep etch that was performed again using a CH -H etching and O descumming process, but this time optimized for photoresist masking.
IV. EXPERIMENTS
The PHASAR was measured using the spontaneous emission spectrum of an EDFA as a broad-band light source and a polarizer to select the polarization state. Light was coupled into the antireflection (AR)-coated chip using microscope objectives, then coupled out of the waveguides by a single-mode lensed fiber and analyzed with an HP optical spectrum analyzer.
Straight shallowly etched reference waveguides with a width of 3 m showed a propagation loss of 3.0 and 3.5 dB/cm for TEand TM-polarization, respectively, which is slightly higher than usual for these waveguides. Fig. 4 shows the measured spectral response of the PHASAR. The loss performance is equal to [14] , while the crosstalk has improved (better than 20 dB). On-chip losses are lower than 4 dB for both polarization states, except for the last channel. This confirms the loss-reduction by the double-etch transition compared to the completely deeply etched phased array as mentioned in [14] . Similar PHASAR's made using a film layer had even lower losses, but showed larger polarization dependence and poorer crosstalk performance. This confirms our conclusion that material leads to more tolerant designs than material. The length of the PHASAR measured through the central arm is 1381 m, which is 150 m shorter than that of the PHASAR with the orthogonal geometry in [14] . This shorter length gives a loss-reduction of 0.05 dB. Because the three extra straight-curve transitions in the latter PHASAR give a total loss of 0.6 dB, the insertion loss of the PHASAR presented in this letter should be reduced by 0.65 dB. Because of rough sidewalls this reduction was not observed, however.
An eight-channel phased array made in a similar way as the one in [13] was used in a dilated cross connect presented in [17] . The size of this demultiplexer was 1.8 3.1 mm . That is roughly four times as big in area as the PHASAR presented here, mainly because of the polarization compensating triangle and larger bending radii.
Furthermore, the PHASAR shows good polarization independence, which was achieved without trimming. Residual polarization dispersion of most channels is smaller than 0.2 nm. Channel uniformity for the first seven channels is better than 1 dB.
V. CONCLUSION AND DISCUSSION
A compact polarization independent PHASAR demultiplexer has been reported. The device was realized in a waveguide structure similar to that used in ADMs and OXCs earlier reported. On-chip losses are less than 4 dB, which is slightly higher than results previously reported due to increased waveguide edge roughness. Polarization independence is achieved without compensation or trimming, using nonbirefringent waveguides. Crosstalk is better than 20 dB. Device size is 0.93 0.75 mm . Its compactness relaxes the demands on wafer uniformity and processing, which will become important as more components are to be integrated. ACKNOWLEDGMENT A. van Langen and A. Looyen are acknowledged for EBPG mask fabrication and AR coating, respectively.
